Objective: The effect of multileaf collimator (MLC) margin on target and normal tissue dose-volume metrics for intracranial stereotactic radiosurgery (SRS) was assessed. Methods: 118 intracranial lesions of 83 SRS patients formed the basis of this study. For each planning target volume (PTV), five separate treatment plans were generated with MLC margins of 21, 0, 1, 2 and 3 mm, respectively. Identical treatment planning parameters were employed with a median of five dynamic conformal arcs using the Varian/BrainLab high-definition MLC for beam shaping. Prescription dose (PD) was such that 22 Gy covered at least 95% of the PTV. Dose-volume and dose-response comparative metrics included conformity index, heterogeneity index, dose gradient, tumour control probability (TCP) and normal tissue complication probability (NTCP). Results: Target dose heterogeneity decreased with increasing MLC margin (p,0.001); mean heterogeneity index decreased from 70.4¡12.7 to 10.4¡2.2%. TCP decreased with increasing MLC margin (p,0.001); mean TCP decreased from 81.0¡2.3 to 62.2¡1.8%. Normal tissue dose fall-off increased with MLC margin (p,0.001); mean gradient increased from 3.1¡0.9 mm to 5.3¡0.7 mm. NTCP was optimal at 1 mm MLC margin. No unambiguous correlation was observed between NTCP and PTV volume. Plan delivery efficiency generally improved with larger margins (p,0.001); mean monitor unit per centigray of the PD decreased from 3.60¡1.30 to 1.56¡0.13. Conclusion: Use of 1 mm MLC margins for dynamic conformal arc-based cranial radiosurgery resulted in optimal tumour control and normal tissue sparing. Clinical significance of these comparative findings warrants further investigation.
Objective: The effect of multileaf collimator (MLC) margin on target and normal tissue dose-volume metrics for intracranial stereotactic radiosurgery (SRS) was assessed. Methods: 118 intracranial lesions of 83 SRS patients formed the basis of this study. For each planning target volume (PTV), five separate treatment plans were generated with MLC margins of 21, 0, 1, 2 and 3 mm, respectively. Identical treatment planning parameters were employed with a median of five dynamic conformal arcs using the Varian/BrainLab high-definition MLC for beam shaping. Prescription dose (PD) was such that 22 Gy covered at least 95% of the PTV. Dose-volume and dose-response comparative metrics included conformity index, heterogeneity index, dose gradient, tumour control probability (TCP) and normal tissue complication probability (NTCP). Results: Target dose heterogeneity decreased with increasing MLC margin (p,0.001); mean heterogeneity index decreased from 70.4¡12.7 to 10.4¡2.2%. TCP decreased with increasing MLC margin (p,0.001); mean TCP decreased from 81.0¡2.3 to 62.2¡1.8%. Normal tissue dose fall-off increased with MLC margin (p,0.001); mean gradient increased from 3.1¡0.9 mm to 5.3¡0.7 mm. NTCP was optimal at 1 mm MLC margin. No unambiguous correlation was observed between NTCP and PTV volume. Plan delivery efficiency generally improved with larger margins (p,0.001); mean monitor unit per centigray of the PD decreased from 3.60¡1.30 to 1.56¡0. 13 . Conclusion: Use of 1 mm MLC margins for dynamic conformal arc-based cranial radiosurgery resulted in optimal tumour control and normal tissue sparing. Clinical significance of these comparative findings warrants further investigation. Stereotactic radiosurgery (SRS) is characterised by focal ablative doses to small discrete target volumes (,35 cm 3 ), steep dose gradients, and precise and reliable targeting, in order to minimise untoward effects on normal and/or critical structures, while simultaneously optimising target doses. Accordingly, a high degree of conformality or conformal planning is a fundamental principle of SRS, defined by the precise matching of the discrete target volume being irradiated with the target pathology. SRS has an entrenched role in the treatment of benign and malignant neurological indications. In recent years, linear accelerator (linac)-based SRS has gained increased relevance in the management of cranial presentations (e.g. brain metastases) and has become a customary treatment modality. Historically, linac-based SRS treatment planning and delivery has relied upon multiple intersecting non-coplanar arcs and small (#40 mm) circular collimators, capable of producing steep-gradient, spherical dose distributions similar to those generated by the Gamma Knife technique [1] [2] . However, over the last 15 years, multileaf collimators (MLCs), now routine appendages to modern linacs and major field-shaping devices in radiotherapy, have evolved in terms of both field size and individual tungsten leaf width, and have facilitated various methods for physical SRS dose delivery, including threedimensional conformal beams, intensity-modulated beams and dynamic conformal arcs (DCAs). To closely approximate the smooth edge of custom shielding blocks, finer-resolution MLC leaves are, in theory, required [3] . Nonetheless, MLCs provide, to some extent, a slightly wider physical beam penumbra than custom shielding blocks [4] [5] . Hence, an additional margin around the planning target volume may be necessary to account for penumbra effects. Cardinale et al [6] and Jin et al [7] have performed systematic assessments investigating the optimal beam margins in extracranial stereotactic radiotherapy. However, interpretation of true dose-response relationships is an intricate process due to variations in radiosurgery planning practices between institutions, as well as potential interpatient variability within institutions. The current study assesses the dosimetric implications of physical beam penumbra compensation with varying MLC blocking margins around the planning target volume on clinically generated SRS treatment plans.
Methods and materials

Patient population
The current retrospective analysis was approved by our institutional review board, with patient informed consent waiver. Medical records of patients who underwent stereotactic radiosurgery (SRS) for cranial presentations at our institution between June 2008 and August 2010 were reviewed for this study. 118 spherical or quasispherical metastatic brain lesions of 86 patients formed the basis of the current comparative analysis.
Treatment planning
High-resolution (1 mm slice thickness) CT scans (Philips Medical Systems, Cleveland, OH) were used for treatment planning on a dedicated radiotherapy planning platform (iPlan RT Dose 4.1.0; BrainLAB AG, Heimstetten, Germany). Radiosurgery plans were based on five default DCAs spread evenly over a 2p steradian solid angle, with practical modification of number of arcs and/or arc length and/or couch angle according to tumour and critical organ location. Beam shaping utilised a high-resolution MLC system (HD-MLC; 2.5 mm at isocenter; Novalis Tx, BrainLAB). Five separate plans with identical dose calculation parameters except for the MLC margin were generated for each planning target volume (PTV). For the purpose of the current study, the PTV was a zero-margin-expansion of the gross tumour volume. Corresponding MLC margins were 21, 0, 1, 2 and 3 mm. To circumvent any dose interference resulting from simultaneous treatment of multiple targets, all cases were planned as having a single lesion. Dose computation was based on a pencil beam algorithm for 6 MV photon beam energy at a maximum dose rate of 1000 monitor units per minute (MU min
21
). Tissue heterogeneity was taken into account. An adaptive dose matrix with an upper limit of 2 mm was used for dose-volume computation; this allowed for automatic adjustment of dose resolution such that a minimum of 10 voxels were always used for dose computation on each dimension inside a target volume of interest, irrespective of the latter's geometry. Plan normalisation was such that a prescription dose (PD) of 22 Gy encompassed at least 95% of the PTV. It should be emphasised that while individual clinical prescription doses were based on factors including tumour size, location and proximity to critical structures, as well as patient performance status, a PD of 22 Gy was used for the purpose of this study to ensure standardised and unbiased comparison. 590 treatment plans comprised the current analysis.
Evaluation parameters
Target volumes were categorised as follows: PTV , 1 cm 3 (''small lesions''; n 5 65), 1 #PTV,5 cm 3 (''medium lesions''; n 5 41) and PTV $ 5 cm 3 (''large lesions''; n 5 12). A peritumoral rind volume, defined in the current study as a 20-mm wall from the surface of the PTV, was used to characterise normal tissue. The following dose-volume comparative metrics were computed for corresponding plan evaluation. A heterogeneity index (HI) was mathematically defined as [8] :
where D mean is defined in this study as the sum of the product of dose value and percentage volume in each dose bin, D min as the dose to 99% of the PTV, and D max as the dose received by the ''hottest'' 3% volume of the PTVs that were computed and recorded. A conformity index (CI) was mathematically defined as [9] [10] :
where PIS is the prescription isodose surface, V PTV is the magnitude of the planning target volume, V PIS is the volume encompassed by the prescription isodose surface, and PTV PIS is the planning target volume encompassed within the prescription isodose surface. A gradient score index (distance in mm) [11] was defined mathematically as
where R eff,Rx is the effective radius of the prescription isodose volume and R eff,50%Rx is the effective radius of the isodose line equal to one-half of the prescription isodose line (see Equation 4 for the computation of R eff ). The gradient score index was used to quantify dose falloff of the prescription isodose surface to one-half of its value in normal tissue.
Tumour control probability (TCP), the probability of tumour response when the target is irradiated at a given dose for a particular fractionation schedule, was calculated mathematically as:
where TCD 50 is the dose that gives a response probability of 50% when the tumour is heterogeneously irradiated. c 50 is a unitless model parameter that is specific to the normal structure or tumour of interest and describes the slope of the dose-response curve. gEUD is the generalised equivalent uniform dose [12] based on the formalism defined below:
where a is a structure-specific unitless volume effect parameter that is negative for tumours and positive for organs-at-risk, and v i is unitless and represents the ith partial volume receiving dose D i in Gy. For the purpose of this study, the radiobiological parameters TCD 50 5 21.0 Gy and c 50 51.25 [13] and a525 [14] were used to compute the TCP. Normal tissue complication probability (NTCP), the probability that a percentage of the patient population will develop an unfavourable reaction for a particular tissue at a given dose for a particular fractionation schedule, was calculated as:
where TD 50 is the tolerance dose for a 50% complication rate at a specific time interval (e.g. 5 years in the Emami et al [15] normal tissue tolerance data) when the whole organ of interest is homogeneously irradiated, and c 50 is the maximum normalised dose-response gradient. For the purpose of this study, the radiobiological parameters TD 50 525 Gy [16] , c 50 53 [17] [18] , and a510 [19] [20] [21] were used to compute the NTCP. It should be emphasised here that the TCP and NTCP analyses in the current study were used as adjuncts to dose-based criteria solely as rankings or comparative tools, and that their absolute values have to be interpreted with caution when making clinical judgments. Finally, the efficiency of each treatment plan was computed as a ratio of the cumulative plan monitor units (MUs) and its corresponding PD.
Statistical analysis
Statistical analyses were performed using PASW Statistics v. 18 (SPSS Inc., Chicago, IL) and SAS v. 9.2 (SAS Institute Inc., Cary, NC). Mixed-model analysis for repeated measures was used to evaluate changes of indices and variables for the five levels of margins. Logarithmic transformation was applied whenever appropriate to address deviation from normality. ''Adjust 5 simulate'' option was used to ensure familywise Type I error rate for multiple testing in comparing group means for SAS LSMEANS procedure. All hypothesis testing was conducted at 5% significance level. 3 for small, medium and large PTVs, respectively. The total number of arc degrees per treatment ranged from 510 to 1100 (mean/ median of 682/655). Unlike the minimum target dose, which increased with an increase in MLC margin (p , 0.001), both mean and maximum target doses decreased with synchronous increasing MLC margin (p , 0.001; Table 1 and Figure 1 ). No predictable pattern was exhibited by each of the target dose-volume parameters and planning target volume. Target dose heterogeneity decreased with increasing MLC margin (p , 0.001; Table 2 ); mean heterogeneity index decreased from 70.1¡12.5 to 10.4¡2.2%. Despite the manifestation of a definite qualitative correlation between target dose heterogeneity and planning target volume, dose homogeneity apparently increased with target volume for 21, 0 and 1 mm MLC margins, and remained relatively unchanged for 2 and 3 mm margins (Figure 2 ). Furthermore, target Figure 2 ). No apparent pattern was observed between target dose conformality and MLC margin (Figure 3) . The smallest and largest mean target dose conformality were observed at 1 mm and 3 mm margins, respectively. The mean conformity index ranged from 1.43¡0.28 to 1.52¡0.23. As expected, target dose conformality improved with planning target volume (p , 0.001; Table 2 ), albeit with poor predictability. Target volume gEUD and its corresponding TCP unequivocally decreased with increasing MLC margin (p , 0.001; Table 2 ); optimal TCP occurred at 21 mm MLC margin (Table 2, Figure 4 ).
Results
Target volume
Normal tissue
Normal tissue maximum and mean doses both increased with MLC margin (p , 0.001; Table 3 ) with a general synchronous increase with planning target volume. Normal tissue dose fall-off or gradient increased with MLC margin (p , 0.001; Table 2 ) with lucid planning target volume dependence ( Figure 5) ; mean gradient increased from 3.1¡0.9 to 5.3¡0.7 mm. Normal tissue gEUD and its corresponding NTCP, on the other hand, did not reveal a clear trend. An optimal NTCP was observed at 1 mm MLC margin for normal tissue receiving greater than 50% of the PD (Figure 6 ), with apparent increase in the volume of normal tissue receiving greater 50% of the prescription dose as a function of MLC margin ( Figure 6 ). 
Treatment delivery efficiency
The mean monitor unit per centigray of the prescription dose ranged between 1.56¡0.13 MU cGy 21 and 3.60¡ 1.30 MU cGy 21 (Table 4) , generally decreasing with MLC margin (p,0.001) and PTV.
Discussion
Because radiosurgery is characteristic of tightly constructed escalated dose schemes that target distinct tumour nodules, the interplay between radiation dose and tumoricidal effect may be assessed without many of the potential concerns that arise when examining tumour cell repopulation during conventional radiotherapy. Furthermore, radiosurgery utilises a higher order of magnitude of beam trajectories than conventional radiotherapy, to optimise the geometric placement of a radiosurgery dose pattern in order to achieve better target dose conformality and rapid normal tissue dose fall-off. Another key distinction between radiosurgery and conventional radiotherapy is the margin used around the PTV. The principles of choosing an adequate beam margin for conventional radiation therapy are different from those of radiosurgery, in part because of the pre-eminence of dose uniformity within the target volume in conventional radiotherapy. The current study sought to evaluate the consequence of supplemental margins around PTVs on both treatment plan quality metrics and dose-response relationships for the DCA technique involving small fields typical of radiosurgery. As expected, maximum and mean target doses increased with a synchronous decrease in MLC margin, attributable to the reduction in the number of primary and indirect scatter photons reaching the isocentre, and the ensuing lateral charged particle disequilibrium, with corresponding reduction in field size. In contrast, minimum target dose, like maximum and mean normal tissue doses, increased with increasing MLC margin, since normal tissue dose fall-off increases synchronously with target dose heterogeneity for constant dose normalisation [22] . Findings in the current study also indicate a target volume dependence of dose heterogeneity; specifically, target dose heterogeneity decreasing with PTV for small margins (0 and 1 mm) while remaining relatively constant or increasing slightly for larger margins (2 and 3 mm). In the event when the irradiated volume of tissue is already large (large lesion, in the current study), further increase in MLC margin may not produce a significant difference in normal tissue dose (Table 3 and Figure 3 ). On the other hand, if the volume of tissue irradiated is small (small lesion, in the current study), an increase in volume due to MLC margin may be acceptable, provided that the increase is not excessive. The critical situation occurs when the normal/critical structure dose approaches its tolerance. In such circumstances, further increase in the volume of (or the dose to) the normal/critical tissue irradiated due to MLC margin may in effect result in a clinically unacceptable situation. There is the expectation of an optimal MLC margin for simultaneous optimisation of target dose and normal tissue avoidance due to the conflicting contribution of increased dose to normal tissue in the path of the beam for small MLC margins compared with the inclusion of more normal tissue in the beam for large MLC margins. Work by Cardinale et al [6] , albeit on lung/liver tumour cases, demonstrated an optimal block margin in the 0 mm range in terms of normal tissue sparing and tumour control [23, 24] . While these results appeared inconsistent with Monte Carlo dose calculation findings by Jin et al [7] for lung cancer stereotactic body radiotherapy, they are in agreement with critical findings in the current study (Tables 1 and 3 ). An unequivocal optimal value for TCP was observed at smaller margins (specifically, #0 mm MLC margin for all cases considered in the current study; Table 2 ). For NTCP, however, an optimal value was observed at 1 mm MLC margin for most of the cases considered, with up to 24, 42, 5 and 0% of the cases benefiting from 21, 0, 2 and 3 mm MLC margins, respectively (Table 3) .
The intent of the present study was not to determine the optimal MLC margin. It should, nonetheless, be emphasised here that it is difficult to arrive at a general mathematical solution to determine the existence of such a margin owing to the interplay of multiple parameters. First, a beam profile is made up of three components: the primary beam, the geometric penumbrae defined by the view of the flattening filter and the dosimetric penumbrae caused by secondary electron spread. In small field regions, the penumbra narrows increasingly as collimator setting is reduced. To understand the source of this change in penumbra width, first consider that the width of an individual geometric penumbra does not change with the position of the collimator, in the same way that a pinhole camera will shift the position of the image if the pinhole is moved without changing its size. However, occlusion of the source causes a drop in the beam output which will affect the part of the penumbra close to the beam axis. This will cause a change in the shape of the high-dose region of the penumbra, which, if the profile is renormalised to 100% on the central axis, results in a narrower penumbra [25] . Finally, observed changes in the total photon energy fluence (i.e. the energy from the primary or direct photons and from photons generated in the medium under investigation) with field size, accelerating potential and depth in water have been shown to be more prominent at potentials below 15 MV [26] . While the corresponding fluence spectra of secondary electrons generated by primary photons alone are independent of field size at field sizes larger than the average electron range (,1.5 cm for the 6 MV photon energy), the total electron fluence distribution varies with field size as a result of electrons originating from scattered photons. As the collimator setting is reduced, the beam output is affected by the lack of lateral electron equilibrium [27] and occlusion of the beam source. Thus, while dosevolume histograms may often look similar, careful analysis of high-dose regions of normal tissues must be performed since significant differences can arise, which may be the most important determinant of control or risk of complication. It is likely that there is an upper limit for the target dose heterogeneity for SRS beyond which the tumour-control probability cannot be improved. If we assume that such a limit exists, the determination of the optimal beam margin must be based on both normal tissue sparing and target dose heterogeneity.
Conclusions
Use of 1 mm MLC margins for dynamic conformal arcbased cranial radiosurgery resulted in optimal tumour control and normal tissue sparing. Clinical significance of these comparative findings warrants further investigation.
